We present the electrical readout of time trajectories obtained from an isolated nuclear spin. The device, a TbPc 2 single-molecule magnet spin transistor, detects the four different nuclear spin states of the Tb 3þ ion with fidelities better than 69%, allowing us to measure individual relaxation times (T 1 ) of several tens of seconds. A good agreement with quantum Monte Carlo simulations suggests that the relaxation times are limited by the current tunneling through the transistor, which opens up the possibility to tune T 1 electrically by means of bias and gate voltages. DOI: 10.1103/PhysRevLett.111.037203 PACS numbers: 75.50.Xx, 81.07.Ta, 85.75.Àd The key problems in spin-based quantum electronic devices are the long-term information storage on single spins and the nondestructive retrieval of the latter. Moreover, the ability to perform all operations electrically is advantageous to interconnect classical and quantum electronics. A promising approach involves the use of electron spins confined in quantum dots [1] [2] [3] [4] [5] . However, storage of quantum information is severely limited due to short spin lifetimes. To overcome this problem, it was suggested to use nuclear spins instead [6] . Its excellent intrinsic isolation from the environment leads to very long relaxation (T 1 ) and coherence (T 2 ) times. However, this property also brings a significant disadvantage because it considerably impedes addressing and reading single nuclear spins with high fidelity.
The key problems in spin-based quantum electronic devices are the long-term information storage on single spins and the nondestructive retrieval of the latter. Moreover, the ability to perform all operations electrically is advantageous to interconnect classical and quantum electronics. A promising approach involves the use of electron spins confined in quantum dots [1] [2] [3] [4] [5] . However, storage of quantum information is severely limited due to short spin lifetimes. To overcome this problem, it was suggested to use nuclear spins instead [6] . Its excellent intrinsic isolation from the environment leads to very long relaxation (T 1 ) and coherence (T 2 ) times. However, this property also brings a significant disadvantage because it considerably impedes addressing and reading single nuclear spins with high fidelity.
Up to now, the most advanced experiments with the ability to read out and manipulate single nuclear spins are performed using nitrogen-vacancy centers [7] [8] [9] [10] . However, a coupling to classical electronics requires additional optical transducers. More recently, a complete electronic readout of a single nuclear spin was performed on single-molecule magnet (SMM) based devices [11] [12] [13] and silicon based devices [14] . One of the main advantages of using SMMs as building blocks is the possibility to chemically tailor their properties to meet almost any required needs, such as magnetic anisotropy or chemical affinity for self-assembly device fabrication. Additionally, they are highly versatile and can be integrated into any conceivable nanoscale device [15, 16] . Moreover, preliminary experiments on assemblies of SMMs revealed a multitude of quantum phenomena such as quantum tunneling of magnetization (QTM) [17, 18] , quantum phase interference [19] , and coherence [20] .
Here, we present the electrical readout of an isolated nuclear-spin trajectory allowing for the extraction of the state-dependent relaxation times. By comparing the results with constitutive quantum Monte Carlo (QMC) simulations, we were able to establish the dominating relaxation process. Based on these results, the electrical manipulation of the nuclear spin lifetime was demonstrated.
All experimental results were obtained via electric transport measurements through a three-terminal singlemolecule spin transistor [ Fig. 1(a) ] placed into a dilution refrigerator at 150 mK. The transistor was fabricated using electromigration at low temperature [21] . In this way, a nanometer sized gap was crafted between two very clean gold terminals, in which we trapped a bis(phthalocyaninato) terbium (III) SMM (TbPc 2 ). The heart of the molecule is a Tb 3þ ion, which is sandwiched between two organic phthalocyanine (Pc) ligands [ Fig. 1(a) ]. The Tb 3þ ion has an electronic configuration of ½Xe4f 8 resulting in a total spin of S ¼ 3 and a total orbital momentum of L ¼ 3. A strong spin-orbit coupling yields an electronic spin with a total angular magnetic moment of J ¼ 6 [22] . In addition, the ligand field, generated by the two Pc's, leads to a well isolated electron-spin ground state doublet of m J ¼ AE6 with a uniaxial anisotropy axis perpendicular to the Pc plane [23] . The off diagonal terms in the ligand-field Hamiltonian are slightly mixing the spin states. In addition to the electronic spin, the Tb 3þ ion has a nuclear spin of I ¼ 3=2. A very large hyperfine interaction results in a fourfold level splitting of each electronic spin state. The ground state doublet has, therefore, four avoided energy level crossings [shaded rectangles in Fig. 1(b) ].
At low temperatures, the Tb electronic spin can reverse in two different ways. It can relax via a direct relaxation process from the excited to the ground state involving the creation of a phonon to account for the energy and momentum conservation. This process is proportional to B 3 and dominates only at higher magnetic fields (hundreds of mT). The second possibility is a QTM transition, which dominates at small magnetic fields and can happen at
week ending 19 JULY 2013 0031-9007=13=111(3)=037203 (5) 037203-1 Ó 2013 American Physical Society avoided energy level crossings. When the magnetic field is swept over such an avoided crossing, there is a certain probability P LZ to tunnel from one state into the other. The magnitude of P LZ can be calculated by the Landau-Zener (LZ) formula [24] . As shown in Fig. 1(b) , there are four of those avoided-level crossings and therefore, four different regions in magnetic field for QTM transitions among which the nuclear spin is always preserved. Hence, the four transitions can be used to identify the four nuclear spin states. In order to reliably detect the electronic spin reversal, we used a quantum dot or readout dot, which was ferromagnetically coupled to the Tb electronic spin [11] . The coupling was determined by studying the influence of the Tb electronic spin on the spin 1=2 Kondo ridge of the readout dot [11] . The magnitude of the interaction indicated that the readout dot was created by the two Pc ligands with their delocalized -electron systems [white cloud in Fig. 1(a) ]. The working point of the readout dot was adjusted with the gate voltage and was found to be best in between Coulomb blockade and maximum transparency. Whenever the Tb electronic spin reversed, the chemical potential of the readout dot changed and thus, gave rise to a sharp conductance jump [11] (for further explanation, see Supplemental Material [25] ).
We aligned the external magnetic field using a homemade 3D vector magnet with the easy axis of the TbPc 2 and constantly ramped it up and down between AE60 mT [ Fig. 2(a) ]. By simultaneously monitoring the conductance of the readout dot, we observe conductance jumps happening at four distinct magnetic fields, which can account for QTM transitions of the Tb electronic spin [ Fig. 2(b) ]. From the four unique positions of the jumps, we yielded the four nuclear spin states and thus, were able to reconstruct the nuclear spin trajectory. For statistical analysis, this procedure was repeated 80 000 times. The first 500 seconds of the nuclear spin trajectory are shown in Fig. 3(a) . Note that due to the probabilistic nature of the tunnel mechanism, we observed QTM transitions in % 51% of all sweeps (see Supplemental Material [25] ). By plotting all detected jumps in histograms [ Fig. 3(b) ], we obtain four nonoverlapping Gaussian-like distributions where ð95 AE 2Þ% of all measured events are found within the shaded rectangles. The widths of the histograms was dominated by electronic noise and the finite response time of the lock-in amplifier used to measure the conductance jumps.
The time-average population of each state was obtained through integration of the Gaussian-like distributions [shaded bars, Fig. 3(b) ]. By further analyzing the data shown in Fig. 3 , we extracted the different dwell times for each nuclear-spin state. Plotting those data in renormalized histograms yielded the time dependence of each . A further fitting to exponentials gave the individual relaxation times T 1 . The perfect exponential decay indicated that no memory effect is present in the system. Furthermore, the obtained lifetimes were an order of magnitude larger than the measurement interval, which is a proof of the quantum nondemolition nature of the detection scheme. The readout fidelities F are obtained by calculating the probability to stay in the state during the time necessary to measure it. Because of the QTM probability of 51%, two subsequent measurements are separated by 5 s in average resulting in fidelities of Fðm I ¼ AE3=2Þ % expðÀ5 s=25:2 sÞ % 82% and Fðm I ¼ AE1=2Þ % expðÀ5 s=13:2 sÞ % 69%.
In contrast to [11] , the average time between two subsequent measurements is smaller than T 1 . Since each measurement is inverting the nuclear energy levels, the system is driven out of thermal equilibrium. In order to get a deeper understanding of the nuclear spin trajectory obtained under such nonequilibrium conditions, we performed quantum Monte Carlo (QMC) simulations using the QMC wave function approach [26] [27] [28] (see Supplemental Material [25] ). The nuclear spin was modeled as a four-level system (2I þ 1 states) which was coupled to a thermal bath of temperature T ¼ 150 mK (cryostat temperature). The Hamiltonian of the isolated nuclear spin H 0 is mainly determined by its quadrupole moment, resulting in unequal nuclear level spacings of ! 0;1 ¼ 121 mK, ! 1;2 ¼ 149 mK, and ! 2;3 ¼ 178 mK [23] . All environmental contributions were combined in an effective Hamiltonian with nonHermitian perturbation H 1 :
where m represents all possible transition paths. We further assumed that transitions between those three levels are only allowed if Ám I ¼ AE1, leading to one relaxation and one excitation path for each transition (i, j), modeled by C i;j 1 and C i;j 2 , respectively:
where nð! i;j ; TÞ ¼ ½expð@! i;j =k B TÞ À 1 À1 is the BoseEinstein distribution function and À i;j is the transition rate between the ith and the jth nuclear spin state. Note that the three À i;j 's were the only adjustable parameters in the simulation. The transition probability dp for each level and time step dt is then calculated as: dp ¼ hÉðtÞjC
The nonequilibrium dynamics is introduced by sweeping the magnetic field in intervals of Át ¼ 2:5 s back and forth. Every time we reached one of the four avoided level crossings, we swapped the ground state and the excited states with the experimentally obtained QTM probability. Since Át < T 1 , we get a nonequilibrium distribution. To compute a nuclear spin trajectory of several days, we repeated this procedure 2 24 times. From the simulated data, we extracted the relaxation times T 1 of each nuclear spin state [Figs. 4(e)-4(h)] and obtained a perfect agreement with our experiment. The difference in lifetime between the AE3=2 and AE1=2 states comes from the fact that the nuclear spin in the AE3=2 states has only one escape path (excitation or relaxation), whereas the nuclear spin in the AE1=2 has two escape paths (excitation and relaxation). Since the lifetime is roughly inversely proportional to the number of transition paths, the T 1 's show a difference of approximately two. The exact ratio depends of course on temperature and the individual transition rates.
In order to reveal the dominant relaxation mechanism, we considered spin-lattice interactions and nuclear spin diffusion. The latter mechanism was found to be very weak in Tb crystals [29] and can, hence, be neglected for rather isolated and nonaligned SMMs. Concerning the spin-lattice relaxation mechanism, we examined closer the À i;j 's derived by fitting the results of QMC simulations to experimental data. Depending on its proportionality to the nuclear level spacing ! i;j , we can distinguish between three types of mechanisms. (i) The Korringa process in which conduction electrons polarize the inner lying s electrons. Since these couple with the nuclear spins via contact interaction, an energy exchange over this interaction chain is established, leading to À i;j / jhijI x jjij 2 [30] .
(ii) The Weger process, which suggests that the spin-lattice relaxation is dominated by the intraionic hyperfine interaction and the conduction electron exchange interaction [31] . It is a two-stage process, where the energy of the nucleus is transmitted to the conduction electrons via the creation and annihilation of a virtual spin wave. This process is similar to the Korringa process but results in À i;j / jhijI x jjij 2 ! 2 i;j . (iii) The magnetoelastic process, which leads to a deformation of the molecule due to a nuclear spin relaxation, yields ! À i;j / jhijI x jjij 2 ! 4 i;j [32] . The term jhijI x jjij 2 arises from the fact that only rotations of the spin perpendicular to the z directions are responsible for longitudinal transitions [33] . A comparison between the À i;j 's and the different mechanisms is shown in [Fig. 5(a) ]. The almost perfect agreement with the Weger process suggests that the dominant relaxation process is caused by the conduction electrons. Since they are ferromagnetically coupled to the Tb electronic spin, which in turn is hyperfine coupled to the nuclear spin, an energy and momentum exchange via virtual spin waves could be possible. This suggests that by controlling the amount of available conduction electrons per unit time the relaxation rate and thus, T 1 can be changed. Hence, an electrical control by means of the bias and gate voltages is possible. We performed such experiments and were able to significantly reduce the T 1 of the nuclear spin [ Fig. 5(b) ].
In conclusion, we demonstrated the quantum nondestructive nature of the nuclear spin detection scheme in combination with readout fidelities better than 69%. We were able to measure individual relaxation times T 1 of a single nuclear spin. In addition, quantum Monte Carlo simulations could quantitatively explain all measured features and revealed the dominant relaxation mechanism. Based on these results, we could show that T 1 can be tuned by changing the amplitude of the current tunneling through the readout dot. For example, this could be interesting to speed up the initialization of the nuclear spin in its ground state prior to a quantum operation.
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FIG. 5 (color online). (a)
The transition rates À i;j , derived by fitting the results of QMC simulations to experimental data, exhibit a quadratic dependence on the nuclear spin level spacing ! i;j . This behavior is expected from a Weger relaxation process in which the nuclear spin is coupled via virtual spin waves to conduction electrons. (b) The decrease of lifetime with increasing current is probably due to an increase of electrons tunneling through the readout dot in addition to an increase of temperature.
